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Abstract

Single-molecule localization microscopy (SMLM) enables imaging of biological sam-
ples at resolutions below the diffraction limit. Limitations of room-temperature
imaging have motivated the implementation of SMLM under cryogenic conditions.
cryoSMLM enhances photostability, avoids chemical fixation and offers the poten-
tial for correlative imaging with cryo-electron microscopy. Nevertheless, the method
introduces new complexities, most notably the need to account for the anisotropic
emission characteristics of fluorophores with fixed dipole orientations, which other-
wise result in significant localization bias. By incorporating estimates of the molecu-
lar dipole orientations into the point spread function model, bias-free localization can
be achieved. This work presents the experimental implementation of a biplane imag-
ing system for dipole orientation estimation, integrated into a cryo-SMLM setup. To
assess the performance of the system, polarization modulation was implemented as
an independent reference method. Measurements were performed on fluorescently
labeled DNA origami samples, enabling a comparison of azimuthal angle estimates.
While no quantitative agreement between the two methods could be achieved, ex-
perimental and analytical challenges were identified, providing insights for future
methodological improvements.
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Zusammenfassung

Einzelmolekiil-Lokalisierungsmikroskopie (SMLM) erméglicht die Betrachtung bio-
logischer Proben mit Auflésungen unterhalb der Beugungsgrenze. Die Implementie-
rung von SMLM bei kryogenen Temperaturen bringt zusétzliche Vorteile mit sich, so
verbessert sie die Photostabilitdt, vermeidet chemische Fixierung und erdffnet die
Moglichkeit zur korrelativen Kryo-Licht- und Elektronenmikroskopie. Gleichzeitig
ist Kryo-SMLM mit neuen Herausforderungen verbunden, allen voran die anisotro-
pe Abstrahlcharakteristik von Fluorophoren mit fester Dipolorientierung. Die sich
daraus ergebenden Lokalisierungsfehler kénnen durch Einbeziehung von Schétzun-
gen der Dipolorientierung in das Punktspreizfunktionsmodell korrigiert werden. In
dieser Arbeit wird die experimentelle Umsetzung eines in ein Kryo-SMLM-Setup
integrierten Biplane-Imaging-Systems zur Bestimmung der Dipolorientierung vor-
gestellt. Fiir die Validierung des Systems wurde Polarisationsmodulation als un-
abhéngige Referenzmethode implementiert. Es wurden Messungen an fluoreszenz-
markierten DNA-Origami Proben durchgefiihrt und die bestimmten Azimutalwin-
kel verglichen. Wihrend keine quantitative Ubereinstimmung der beiden Methoden
erzielt werden konnte, wurden experimentelle und analytische Herausforderungen
identifiziert, die Ansétze fiir zukiinftige methodische Verbesserungen liefern.



Contents

(1 _Introduction|

2 Theoretical Background|

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

[2.1  Fluorophores| . . . . . . . ... ... oo
2.2 Fluorescence Microscopy| . . . . . . . . . ...
[2.3 Single Molecule Localisation Microscopy (SMLM)[ . . . . . ... . ..
2.4 3D-SMEIM . . .. .o
2.5 cryo-SMLM| . . . . ... o

[3 Dipole Orientation Estimation|

3.1 Polanzation Modulationl . . . . . . . . ... ... ...
[3.2  Biplane Imaging/. . . . . ... ... oo

{4 Materials and Methods|

[4.1  Sample Preparationl . . . . . . ... . ... o000
[4.2  Experimental Setup|. . . . . . . .. ... Lo
[4.2.1  Microscope| . . . . . ..
[4.2.2  Laser Beam Delivery System|. . . . . . . ... ... ... ...
[4.2.3 Cryostat| . . . . . .. . .
[4.2.4  Control and Data Acquisition Hardware and Software] . . . . .
[4.3  Microscopy Measurements| . . . . . .. ... ... ...
[4.3.1 Measurement Preparation and Imaging Settings| . . . . . . . .
[4.3.2  Dipole Orientation Measurements| . . . . . . . ... ... ...

4.3.3  Characterization Measurementsf . . . . . . . . . ... ... ..

[4.3.5 Photobleaching Test| . . . . . . ... ... ... ... .....
[4.4 Data Analysis| . . . . . . . ..o
[4.4.1 Image Processing and Localization| . . . ... ... ... ...
[4.4.2  Dipole Orientation Estimation| . . . . . . .. ... .. ... ..
[4.4.3  Estimation of Background Intensity Fluctuations . . . . . ..

5 Results

[>.1 System Characterization| . . . . . . . . . . . ... ... ... ... ..
[>.1.1  Microsphere Type, Volume and Concentration| . . . . . . . ..
[>.1.2  Microsphere Idenfitication Methods . . . . . . . ... ... ..
[b.1.3 Background Intensity Fluctuations| . . . . ... ... ... ..
[>.1.4  Channel Alignment Sensitivity|. . . . . . .. . ... ... ...

[5.2  Dipole Orientation Estimation|. . . . . . . . ... ... .. ... ...

12
12
15

18
18
19
19
21
22
23
24
24
24
24
25
25
26
26
26
28



45

45

Choice of Microspheres and Identification Method| .

[6.2  Evaluation of Systematic Uncertainties|

[6.3  Dipole Orientation Estimation| .

6.1

46

47

49

Bibliograp

vii

jayioligig usipn N.L 1e wud ul ajge|reae si sisay) Siyl Jo UoisiaA [eulbuo paroidde ay
regbnyian yaylolqig usipy N1 Jep ue st lisgrewoldiq 1asalp uoisianfeulbliQ aponipab auaiqoidde aiq

qny a8pajmous| JNoA

Srayrolqie



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verflgbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

List of Abbreviations

3D-SMLM Three-dimensional Single Molecule Localization Microscopy
BS beamsplitter

CCD Charge-coupled Device

CMOS Complementary Metal-Oxide-Semiconductor
cryo-CLEM Cryogenic Correlative Light and Electron Microscopy
cryo-EM Cryogenic Electron Microscopy

cryo-FM Cryogenic Fluorescence Microscopy

cryo-SMLM Cryogenic Single Molecule Localization Microscopy
DPBS Dulbeccos’s Phosphate-Buffered Saline

DPPC Dipalmitoylphosphatidylcholin

dSTORM direct Stochastic Optical Reconstruction Microscopy
EMCCD Electron-Multipling Charge-Coupled Device

HWP half wave plate

LED Light-Emitting Diode

NA numerical aperture

PALM Photoactivated Localization Microscopy

PBS polarizing beamsplitter

PSF Point Spread Function

ROI region of interest

sCMOS Scientific Complementary Metal-Oxide-Semiconductor
SEM standard error of the mean

SLB supported lipid bilayer

SMLM Single Molecule Localization Microscopy
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1 Introduction

Fluorescence microscopy has become an essential tool in the field of biological imag-
ing. Like for classical light microscopy, the resolution of fluorescence microscopy is,
in principle, limited by the diffraction limit of light to about 200 nm. Single Molecule
Localization Microscopy (SMLM) is an approach that uses fluorescence microscopy
and the properties of fluorophores to overcome this boundary.

In addition to the imaging technique, fixation is a crucial step in the examina-
tion of biological structures. Cryofixation is a rapid and reliable method for the
preservation of biological samples, which reduces residual mobility, morphological
changes and artifacts commonly encountered with chemical fixation [1} |2 3]. Cryo-
genic Single Molecule Localization Microscopy (cryo-SMLM) not only combines this
technique with SMLM but offers additional advantages. Increased photostability at
low temperatures results in a higher photon yield, which enhances the localization
precision [4]. Another benefit is the potential for correlative imaging with Cryo-
genic Electron Microscopy (cryo-EM). Currently, the large resolution gap between
Cryogenic Fluorescence Microscopy (cryo-FM) and cryo-EM constitutes a major
limitation of Cryogenic Correlative Light and Electron Microscopy (cryo-CLEM).
Incorporating cryo-SMLM would solve this issue and enable direct correlation of
structural details from both imaging techniques [5].

Besides these benefits, performing SMLM at cryogenic temperatures also comes
with several challenges. A key issue is the altered emission characteristics of fluo-
rophores at low temperatures. Although fluorophores are dipole emitters, at room
temperature their rapid rotation leads to an effectively isotropic emission pattern
[6]. Under cryogenic conditions, the fluorophores’ rotational mobility is restricted,
resulting in fixed dipole orientations and anisotropic emission. To prevent substan-
tial localization bias in cryo-SMLM, this anisotropy must be properly taken into
account |7, 8.

A method addressing this issue through astigmatic imaging in combination with
information about the dipole orientation was developed by researchers from the
Biophysics group of Professor Gerhard Schiitz in collaboration with the RICAM In-
stitute [9]. Building on this approach, the group is continuing efforts to refine and
develop this technique further. As part of this master’s thesis, I had the opportu-
nity to support this work, primarily assisting Dr. Montserrat Lopez Martinez with
the experimental implementation. Dr. Lopez Martinez developed a custom-built
microscopy system that enables dipole orientation estimation via biplane imaging,
which I helped assemble and align. The primary focus of this thesis is to evaluate
the accuracy of the dipole orientation measurements obtained with this system. For
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this purpose, polarization modulation was implemented as an independent reference
method. Comparative measurements were conducted on fluorophore-labeled DNA
origami samples and a data analysis procedure was developed to enable quantifica-
tion and comparison of the results.

This thesis is organized as follows. The theoretical background on cryo-SMLM is
provided in Chapter 2], followed by a description of the approaches used for dipole
orientation estimation in Chapter [3] Chapter [ describes the materials and methods
employed, including the sample preparation, the experimental setup, microscopy
measurements and data analysis. The results are presented in Chapter [5| discussed
in Chapter [6] and lastly Chapter [7] summarizes the main findings and conclusions.
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2 Theoretical Background

This chapter introduces the fundamental concepts of cryo-SMLM. As many mod-
ern microscopy techniques, cryo-SMLM relies on fluorophores, whose photophysical
behavior and emission characteristics are described in Section 2.1l Section il-
lustrates how fluorophores are applied in fluorescence microscopy. Beyond basic
imaging, the photophysical properties of fluorophores enable advanced techniques.
Section [2.3|outlines how SMLM exploits these properties to achieve super-resolution.
Through extensions of the optical configuration, three-dimensional resolution can be
attained. The most common Three-dimensional Single Molecule Localization Mi-
croscopy (3D-SMLM) approaches are presented in Section . Building on this,
Section discusses the advantages and challenges of cryo-SMLM and outlines a
possible implementation.

2.1 Fluorophores

Fluorophores are molecules or nanocrystals that absorb light of a certain wavelength
and re-emit parts of the absorbed energy as of photons of a longer wavelength.

Figure presents a Jablonski diagram that illustrates the electronic transitions
in a fluorescent molecule. Upon absorption of light, the molecule is excited, meaning
that an electron is promoted from the singlet ground state (Sp) to a higher singlet
excited state (S5,). The molecule subsequently returns to the ground state through
a series of intermediate steps and decay pathways. First, it undergoes internal
conversion to the lowest excited singlet state (S7), during which the excess energy
is dissipated to the surrounding environment. This step is followed by the emission
of a fluorescence photon. As some of the excitation energy is emitted through non-
radiative processes, the emitted photon is typically of lower energy and thus of
higher wavelength than the absorbed photon. This shift of the emission spectrum
in comparison to the absorption spectrum is referred to as Stokes shift. The fact
that both the absorption and emission spectra appear as broad bands rather than
discrete lines is due to the involvement of vibrational energy levels in both excitation
and de-excitation processes |10]. These sublevels are illustrated in the diagram as
additional black lines within the respective electronic states.

Apart from fluorescence, the return of a molecule to the ground state can also
occur via non-radiative pathways, such as the dissipation of energy as heat to the
surrounding medium or via energy transfer to other molecules through collisional
quenching and long-range transfer. Another possible pathway is inter-system cross-
ing to the excited triplet state 77. Similar to the de-excitation from the excited
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singlet state S, the molecule returns to the ground state from the triplet state T;
through the emission of a photon (phosphorescence), thermal dissipation or energy
transfer to nearby molecules [10].
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S, 7 transition
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Figure 2.1: Jablonski Diagram. By Jacobkhed, modified by Dietzel65 under CCO

[L1]

The excited triplet state is long-lived compared to the excited singlet state re-
sulting in so-called molecular "blinking", when the emission of fluorescence is tem-
porarily interrupted as the molecule undergoes intersystem crossing to the triplet
state. The number of excitation cycles is limited by photobleaching, which is the
irreversible destruction of the molecule, making it unable to fluoresce [12].

A large variety of fluorophores with distinct photophysical properties exists, which
are influenced by the illumination source and intensity as well as environmental
conditions, including temperature, solvent polarity, pH, oxygen concentration and
the presence of specific chemical additives , . The description provided above
represents a simplified model that explains the general behavior of many commonly
used fluorophores relevant for SMLM.
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Classically, the electromagnetic force experienced by an electron in the field of a
light wave can be described by

f:eﬁ—l—e

oSy

x B (2.1)

where e denotes the electron charge, E and B are the electric and magnetic field
components of the wave, v’ is the velocity of the electron, and ¢ is the speed of light.
Since the magnetic component scales with 7, its contribution is several orders of
magnitude smaller than that of the electrical field [15|. Consequently, a fluorophore
interacts with light predominantly via the electric field, through its electric tran-
sition dipole moment. As this is a vector quantity, the strength of the interaction
depends not only on the magnitude of the electric field but also on its polarization.
The probability of absorption of an incident electromagnetic wave is given by the
following equation

Pabs = |ﬁabs : E1|2 (22)

with f[i,,s being the absorption dipole moment of the fluorophore and E the electric
field vector of the incoming light. Similar to absorption, the probability of emission
of a photon of a given polarization can be expressed as

Pem = |/_1:em . éP (23)

where [loy, is the emission dipole moment and € a unit vector that represents the
polarization direction of the vacuum mode into which the photon is emitted [16].

The emission of fluorescence from a molecule is inherently directional and not
spherically symmetric. As seen from Equation [2.3] the probability of emitting a
photon of a certain polarization depends on the dot product between ji, and €.
Consequently, no light is emitted in the direction parallel to the dipole moment,
since in that case the dot product vanishes for all possible polarization directions.
In the far field, a fluorophore can be modeled as a classical oscillating dipole. Figure
illustrates this emission pattern as a two-dimensional cross-section, with the
orange arrow indicating the dipole axis. The emitted intensity in a given direction
is proportional to sin® 3. As depicted in the figure, 5 denotes the angle between
the transition dipole moment /i and the Poynting vector S of the emitted wave at
a particular point in space. In three dimensions, this results in a toroidal radiation
pattern around the dipole axis [16].
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Figure 2.2: Contours of constant fluorescence intensity emitted by a dipole, as pro-
jected in two dimensions [16].

2.2 Fluorescence Microscopy

Fluorescence microscopy uses fluorophores to label structures of interest and col-
lects their emitted fluorescence light to obtain information about the sample. This
principle not only allows for selective imaging but enables a broad spectrum of ap-
plications and advanced techniques, ranging from quantitative analysis of cellular
functions to super-resolution methods. In the following, the basic concept and setup
underlying many of these techniques are described.

Figure illustrates a commonly used implementation of a fluorescence micro-
scope. A variety of lamps, Light-Emitting Diodes (LEDs) and lasers can be utilized
as the light source. An excitation filter selects the specific wavelength range re-
quired to excite the fluorophores used to label the sample. The dichroic mirror
reflects the excitation light through the objective onto the specimen. The fluo-
rophores are excited and fluorescence photons are emitted in all directions. In the
epifluorescence configuration shown below, only those emitted back toward the exci-
tation path are collected. The dichroic mirror separates the fluorescence signal from
the reflected excitation light by reflecting shorter wavelengths (excitation light) and
transmitting longer wavelengths (fluorescence light). An additional emission filter
further cleans up the signal and isolates the desired emission band. The result-
ing fluorescence image of the specimen can then be observed through an ocular
or detected with a Charge-coupled Device (CCD) or Complementary Metal-Oxide-
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Semiconductor (CMOS) camera [17].

detector

ocular

emission filter

1

dichroic mirror
—_—

=

light source

excitation filter

objective

specimen

Figure 2.3: Structure of a fluorescence microscope. By Krzysztof Blachnicki modi-
fied by Henry Miihlpfordt under CC-BY-SA 3.0 [1§].

2.3 Single Molecule Localisation Microscopy
(SMLM)

With classical light microscopy, two molecules cannot be discriminated if their sep-
aration falls below a certain limit, known as the diffraction limit. Because of diffrac-
tion, a point source does not appear as a point when viewed through an optical
microscope, but rather as a blurred spot . This spot is characterized by the
Point Spread Function (PSF) of the imaging system. To resolve two neighboring
emitters, their PSF's must be sufficiently separated so that they can be distinguished
as individual signals. As described in [2.1], fluorescent molecules do not always de-
cay directly to the ground state, but occasionally undergo intersystem crossing to
a triplet state before returning to the fluorescence process. In this way, certain
fluorophores switch between fluorescent "ON" and non-fluorescent "OFF" states.
Typically a specific chemical environment is required to promote suitable dark state
lifetimes and reversible switching. This blinking behavior enables the temporal
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separation of emission events from nearby molecules that would otherwise be indis-
tinguishable because of their spatial overlap |20]. This SMLM technique exploiting
this stochastic blinking of photoswitchable fluorophores is called direct Stochastic
Optical Reconstruction Microscopy (ASTORM) |21}, 22} 23].

As mentioned in Section the switching properties depend on the fluorophore
and can be modulated. There are several different SMLM techniques using different
fluorophores and modulation methods.

Another commonly used technique is Photoactivated Localization Microscopy
(PALM) |24, 25|. Unlike STORM, PALM uses photoactivatable fluorophores that
transition to a fluorescent state when illuminated with an activation laser. The ex-
posure time and laser intensity are chosen so that only a small subset of molecules is
activated. A high-power excitation laser induces fluorescence emission and eventu-
ally bleaches the molecules, before a new subset of fluorophores is activated. As in
STORM, this sequential activation allows for temporal separation of emission events
that could otherwise not be resolved [26].

The optical set-up used for SMLM is similar to the one described in [2.2] equipped
with a continuous wave laser as a light source, a high numerical aperture (NA) ob-
jective and a high-sensitivity camera (Electron-Multipling Charge-Coupled Device
(EMCCD) or Scientific Complementary Metal-Oxide-Semiconductor (sCMOS)) ca-
pable of detecting the weak fluorescence signal of single molecules. A large number
of image frames are acquired from the same field of view, each capturing only a
small subset of spatially isolated molecules. For every frame, the precise positions
of the molecules are determined by fitting model PSFs, typically 2D-Gaussian func-
tions, to the measured intensity distribution. By superimposing the positions of all
fluorophores, a super-resolution image is obtained [20]. Figure illustrates this
process.

t=1 t=2 t=3
-

Time

Figure 2.4: Principle of SMLM [27].

2.4 3D-SMLM

The approach described in the previous sections enables the generation of 2D super-
resolution images. However, since biological structures are typically three-dimensional,
it is of interest to image them as such. Two commonly used techniques to achieve 3D
super-resolution are PSF shaping and biplane imaging. Figure [2.5] shows how the
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basic SMLM setup must be adapted to implement these techniques and illustrates
their working principle.

PSF shaping introduces additional optical components to the beam path that
alter the shape of the PSF to encode the axial position information. Among the
various PSF engineering techniques, astigmatic imaging is the most widely used. In
this approach, a cylindrical lens is inserted into the optical path, which modifies
the PSF above and below the focal plane, as illustrated in Figure 2.5 The shape
of the PSF arises because the cylindrical lens introduces a slight difference between
the focal position in the z- and y-direction (the horizontal and vertical axes of the
imaging plane). At the plane midway between these focal points, the PSF appears
circular, while above and below it takes on an elliptical shape. The position of each
fluorophore is determined by fitting a 2D elliptical Gaussian function to its PSF
image. As in 2D SMLM, the z- and y-coordinates are determined from the peak
position of the fitted Gaussian. The z-coordinate is obtained by comparing the peak
widths with those measured during calibration at different focal planes .

In the biplane approach, the emitted fluorescence light is split into a transmitted
and a reflected path using a 50:50 beamsplitter. The two paths are arranged to
form images of two slightly different object planes. The intensity distribution of
the PSF of a fluorophore varies with its axial position, as shown in Figure 2.5 By
simultaneously fitting a three-dimensional PSF model to both images, the x-, y-
and z-coordinates of the molecules can be determined. The 3D PSF is obtained
experimentally from imaging a small fluorescent bead at different axial positions

[29]-
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Figure 2.5: Commonly used 3D SMLM techniques.
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2.5 cryo-SMLM

As discussed in Chapter [I] the advantages of cryofixation over chemical fixation
methods [30], together with its potential to advance cryo-CLEM |[5] have motivated
the development of cryo-SMLM. Although several studies have demonstrated the
compatibility of cryofixation with SMLM |31} 32, 33|, a number of challenges re-
main. A technical difficulty lies in the the design of a cryogenic stage that avoids ice
contamination and drift, while allowing the use of high NA objectives. Another con-
cern is the local devitrification of the sample, which limits the maximum excitation
intensity that can be used [34].

In addition to these technical considerations, cryogenic temperatures also influence
the photophysical properties of fluorophores. These changes bring advantages and
opportunities for new experimental approaches, but also pose challenges for certain
super-resolution techniques. The limited diffusion of oxygen at cryogenic tempera-
tures reduces photobleaching. For SMLM methods that use the stochastic blinking
of fluorescent molecules, higher photostability is beneficial, as it increases the num-
ber of photons emitted per molecules and thus improves the localization precision.
Other techniques that rely on photobleaching to keep the population of emitting
molecules sufficiently sparse, need to be adapted. Besides the reduction in photo-
bleaching, the absence of reactive oxygen species also suppresses quenching pathways
for fluorophores in the photoexcited triplet state, resulting in a significant increase
in triplet-state lifetimes. Despite this increase, paradoxically, triplet-state lifetimes
that are too short pose another challenge for blinking-based techniques. Due to the
restricted excitation intensity, the rate at which fluorophores emit photons is also
limited. To collect sufficient photons for accurate localization, the other molecules
must remain in their dark states for longer. While limited diffusion influences the
blinking behavior, a lack of thermal energy and the restriction of large conforma-
tional changes limit many photoswitching pathways. Therefore, both blinking- and
photoswitching-based cryo-SMLM techniques depend on research into new, suitable
fluorophores [34].

The dipole emission characteristic of fluorophores is described in section 2.1 How-
ever, since the molecules rotate freely at room temperature, it is generally satisfac-
tory to assume them to be isotropic emitters and approximate their PSF with a
Gaussian function. Since the molecules are rigidly frozen at cryogenic temperature,
these approximations lead to substantial localization bias for cryo-SMLM [8]. Figure
illustrates the resulting bias for molecules whose dipole axis is tilted relative to
the optical axis and which are located slightly outside the focal plane. While more
sophisticated PSF models exist 35, 136], they only provide accurate estimations of
fluorophore positions when using high NA objectives, which is incompatible with
cryo-SMLM. For systems using low NA objectives, it is hardly possible to distin-
guish between a defocused and laterally shifted emitter from a single image [9]. An
approach that uses additional information on the dipole orientation to achieve pre-
cise localization is presented in [9]. The PSF model incorporates the electric field
of a dipole emitter, its propagation through the optical system and the resulting

10
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intensity distribution in the image plane. An estimate of the defocus is obtained
through astigmatic imaging, while estimates for the dipole orientations are assumed
as given. This work focuses on the experimental determination of these values.
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Figure 2.6: Simulation of the PSF of a rotating dipole a) and a fixed dipole (6=20°,
©=0°) b), illustrating the localization bias observed for fixed dipoles. The
left panels show the x-z projection of the simulated PSF. The right panels
display the corresponding images obtained in focus and with 500 nm
defocus. The ground-truth position of the emitter is indicated in red.
The images were generated using the PSF Simulation App .
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3 Dipole Orientation Estimation

As explained earlier, cryoSMLM requires knowledge of the orientation of the molec-
ular dipoles. In this work, two methods were employed to estimate the dipole
orientations: polarization modulation [3.1] and biplane imaging [3.2l While biplane
imaging allows for the determination of the full three-dimensional dipole orientation,
the accessible angular range for the azimuthal angle ¢ in polarization modulation is
restricted to 0° to 180° or 0° to 90°, depending on the specific implementation. In
addition, the estimation of the inclination angle 6 is considerably more challenging.
For these reasons polarization modulation was used solely as a control method.

3.1 Polarization Modulation

As described in Section [2.1], the probability of absorption of an incident electromag-
netic wave depends on its polarization. From the relation given in Equation [2.2]
it can be concluded that a fluorophore is more efficiently excited when the polar-
ization of the excitation light is aligned with the transition dipole moment. That
the intensity of a fluorophore varies with the polarization direction of the excitation
light can also be seen in Figure 3.1}, which shows the same fluorophores imaged with
vertically and horizontally polarized light.

a) b)

Figure 3.1: Fluorophores within the same ROI imaged with linearly polarized exci-
tation light.
a) excitation polarization 0° b) excitation polarization 90°

12



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

] 3ibliothek,
Your knowledge hub

For the measured intensity as a function of the polarization angle, the following
relation can be derived from Equation [2.2] [9]:

I(a) = Inaxsin®(6)cos® (¢ — ) (3.1)

I 42 corresponds to the intensity detected for a dipole aligned parallel to the ex-
citation polarization vector. If the polarization of the excitation light is known, this
relationship can be exploited to determine the dipole orientation , , . Two
approaches can be used to estimate the azimuthal angle ¢. One approach is based
on the ratio of the fluorescence intensities measured for perpendicular polarization
directions. Figure [3.2] illustrates the excitation polarization directions and the re-
sulting intensity values for an example fluorophore under alternating polarization.
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Figure 3.2: a) Polarization directions b) Measured and fitted intensity of an example
fluorophore, when alternating between perpendicular polarization direc-
tions.
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From Equation [3.1] the fluorescence intensity for vertical and horizontal polariza-
tion can be expressed as follows ﬂgﬂ:

Too = Ipaxsin®(0)cos? () (3.2)
Tgpe = Lpaxsin®(0)sin? (i) (3.3)

w N

This system of equations can be easily solved for ¢, yielding

Tgpo
© = arctan ( 190 ) (3.4)

OO

The above expression restricts the azimuthal angle ¢ to the range 0° to 90°, as
the arctangent of a positive argument only returns values in the first quadrant.
The calculated angle thus represents the projection of the dipole orientation onto
this quadrant. From Equations and it is also evident why determining the
inclination angle 6 is challenging. It requires knowledge of the maximum fluorescence
intensity, which cannot be easily obtained.

Equation shows that the fluorescence intensity follows a cos? function, when
the polarization of the excitation light is rotated. The intensity trace of an example
fluorophore under rotating polarization is depicted in Figure [3.3] Alternatively to
the previously described method, the azimuthal angle ¢ can be determined by fitting
the intensity curve with a function of the form

I(a) = Acos*(p — a) (3.5)

with the fitting parameters A and ¢, where A denotes the modulation amplitude.
Due to the m-periodicity of the cos? function, the range of ¢ is restricted to 0° to
180°. As with the previously described approach, this method does not allow for a
straightforward determination of 6.
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Figure 3.3: Intensity trace of a fluorophore under rotating polarization.
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3.2 Biplane Imaging

While biplane imaging is commonly used as an alternative for or an addition to
astigmatic imaging in 3D-super resolution microscopy , , , it can also be
employed for dipole orientation estimation . In order to simultaneously image
two planes of the sample, a beamsplitter is introduced into the emission path of a
microscope like the one previously described in 2.2l Each path is equipped with a
tube lens and a camera . The realization of a biplane imaging system integrated
into a cryoSMLM microscope will be described in the next chapter.

The dipole orientation can be characterized by an azimuthal angle ¢ and an
inclination angle 6 as indicated in Figure [3.4]

Figure 3.4: Illustration of the dipole orientation with azimuthal angle ¢ and incli-
nation angle 6.

With the biplane imaging system two images of the dipole emitter are recorded, one
that is approximately in focus and one with a known amount of defocus. Figure
3.6] illustrates how the information about the angles ¢ and 6 can be obtained from
the two images. If no astigmatism is introduced to the system, the 2D images of
the dipole look like circular spots. The position of the centers (x,y) and (z*,y*) of
the individual spots can be determined by fitting the intensity distributions with a
2D-Gaussian function of the form

f(C777) = Aexp (_ (<2_821')2 B (712—82y)2> (36>

xT
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A corresponds to the intensity of the fitted Gaussian. s, and s, represent the
Gaussian widths.

The angles ¢ and 6 can be derived from the overlay of the images. The magni-
tude of the shift » between the centroid positions correlates with 6, while the angle
enclosed with the x-axis corresponds to . In this study, the alignment of the two
imaging channels was performed using fluorescent microspheres, which are assumed
to be isotropic emitters and thus are not subject to localization bias.

The shift r can be calculated as follows:
r=y/(z -2+ (y —y*)? (3.7)
The azimuth angle ¢ is determined by the trigonometric relation as

B { arccos(*=2), if y* —y >0

¥ —x (38)

2m — arccos(*—*), else .

The magnitude of the shift alone does not yield a unique solution for the in-
clination angle, since the shift is zero for both § = 0 and 6 = 7. As the width
of the Gaussian function decreases with increasing inclination, it can be used to
differentiate between the two possible solutions.

Using the fit parameters s, and s, the width a can be expressed as

a=/s2+s2. (3.9)

For the given defocus value, a template is calculated that relates each possible
inclination angle with its corresponding shift and width. An example of such a
template is shown in Figure |3.5]

The value of € is then determined by minimizing the weighted difference to the
shift and width values predicted by the template:

0 = argming {w, (r — r¢)* + wy(a — ag)*} (3.10)
a) Shift b) Width
2 8
15
0
2
a
0.5
0 : .
0 /4 /2 0 /4 /2

inclination inclination ¢

Figure 3.5: a) Shift and b) Width depending on the inclination 6.
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Figure 3.6: Assessment of the orientation of a dipole emitter using biplane imaging.
The top panel depicts an x-z projection of the PSF. The lower pan-
els show the simulated PSF intensity distributions in the in-focus (left)
and out-of-focus (right) plane. The magnitude of the shift between the
centers of the intensity distribution in the focused and defocused image
correlates with # and the angle enclosed with the x-axis corresponds to
. The images were generated using the PSF Simulation App .
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4 Materials and Methods

This chapter describes experimental implementation of the dipole orientation meth-
ods as well as the experiments conducted. The sample preparation is described
in Section , followed by a description of the experimental setup , the mi-
Croscopy measurements and the data analysis .

4.1 Sample Preparation

DNA origami structures were used to obtain a well-controlled sample with a homo-
geneous and sufficiently sparse distribution of fluorophores. The structures used are
based on Georgiou et al. and were kindly provided by Anna Gaugutz from the
Biophysics group. To enable a potential future characterization of the axial resolu-
tion of the cryo-SMLM system, two different types of structures were employed: a
"base" structure and a "tip" structure, with the latter featuring fluorophore binding
sites that are elevated by 11 nm relative to the base. The structures were labeled at
defined positions with Alexa Fluor 647 and functionalized with nine cholesterol an-
chors for attachment to a supported lipid bilayer (SLB). Figureshows a schematic
representation of the sample.

DNA origami tip
fluorophore
l ¢ DNA origami base

cholesterol strands

supported lipid bilayer

glass slide

Figure 4.1: Schematic representation of the sample

The DNA origami structures were designed using caDNAno, folded via scaf-
fold—staple self-assembly using a thermal annealing protocol and purified by agarose
gel electrophoresis, in a workflow similar to that described in . For the SLB, a
vesicle solution was prepared from 9.1 ul of Dipalmitoylphosphatidylcholin (DPPC)
dissolved in chloroform (10 mgml~!). The chloroform was evaporated under a nitro-
gen stream to form a thin lipid film. Subsequently, the nitrogen stream was applied
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for an additional 10 min before quickly sealing the test tube. Next, 1ml of 10x
Dulbeccos’s Phosphate-Buffered Saline (DPBS) was added to the dried lipids and
the test tube was immediately resealed. The solution was placed in a 55°C water
bath for 1 min, then mixed in a vortex mixer and sonicated at 55 °C for 20 min. The
resulting solution was stored in an Eppendorf tube.

The remaining sample preparation was always carried out on the day of the mea-
surement. SLBs were formed on plasma-cleaned circular glass slides. 100 ul of vesicle
solution (125 uM) was applied onto each glass slide and incubated on a heating plate
at 55 °C for 10 min. Subsequently, the slides were washed with 1x DPBS. Care was
taken to ensure that the slide surfaces did not dry out at any point. Next, the
fluorescently labeled DNA origami structures were incubated on the lipid-bilayer-
coated slides. A cholesterol strand solution at a concentration of 100 uM in 1x DPBS
was applied to each slide (100 ul per slide) and incubated for 15 min. Afterward, the
slides were washed as described above. 100 ul of DNA-origami solution (1 fmol/100 ul
Ix PBS) was then added to each slide and incubated for one hour, with the Petri
dish covered with aluminum foil, before the washing procedure was repeated once
more.

For channel alignment, 5ul to 10 ul of fluorescent microspheres diluted in 1x PBS
were applied to the sample. Two types of microspheres (TetraSpeck™ fluorescent
Microspheres 0.1 um and Invitrogen™ FluoSpheres™ dark red 0.02pm) were eval-
uated. The 0.1 ym TetraSpeck Microspheres were used at a dilution of 1:15. For
the 0.02 ym FluoSpheres concentrations and volumes of 1:100 (10 ul), 1:1,000 (10 ul),
1:10,000 (10pl, 5ul, and 2.5ul), and 1:30,000 (10ul) were tested. In all cases the
solution was vortexed and sonicated prior to application on the sample to minimize
clustering.

For the preparation of control samples, either the step of adding the DNA origami
solution or the step of adding the microspheres was omitted.

4.2 Experimental Setup

A custom-built biplane cryoSMLM system was used for the experiments performed
in this work. The setup comprises the microscope (4.2.1)), the laser beam delivery

system (4.2.2)), the cryostat (4.2.3) and the corresponding control and data acquisi-
tion hardware and software (4.2.4)). The entire setup is built on a vibration isolation

optical table.

4.2.1 Microscope

Figure |4.2| shows a photograph of the microscope mounted on the optical table.
Figure [4.3] provides a schematic representation of the optical components, along
with the camera, manual focusing wheel, piezo stage and cryostat.
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Figure 4.2: Photograph of the microscope

The excitation laser beam is provided by the laser beam delivery system de-
scribed in the following section. The beam is reflected by a dual-line dichroic mirror
(zt488 /640rpc, Chroma Technology Corp., USA) and focused onto the sample by
the objective lens. A 60x objective (LUCPlanFL N 60x, Olympus, Japan) with a nu-
merical aperture of 0.7 and a relatively large working distance of 1.5 mm to 2.2 mm is
used. The objective is mounted onto a piezo stage (P-721 PIFOC®, Physik Instru-
mente (PI), Germany), allowing for precise focusing. Coarse focusing is performed
using a manual focusing wheel. The fluorescence light is collected by the same ob-
jective and transmitted through the dicroic mirror. An emission filter (680,/42) is
placed after the dichroic mirror to block residual excitation light and transmit only
the fluorescence signal. A cylindrical lens introduces vertical astigmatism to the
optical system, allowing the estimation of the defocus as discussed in Section [2.5]
More specifically, an adjustable lens system enables the modulation of the degree
of astigmatism and is set to introduce weak astigmatism (0.11X). The beam is split
into two optical paths by a beamsplitter (BS). Each path is equipped with a tube
lens. Tube lens 2 is positioned so that the image plane in path 2 is displaced by
500 nm along the optical axis relative to the image plane in path 1. Mirrors (M3 and
M,) and a right-angle prism mirror (Mj) direct the light onto the sSCMOS camera
(Prime BSI, Photometrics, USA). An additional quadband filter (446/510/581/703)
is placed directly in front of the camera to further remove background signal.
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Figure 4.3: Schematic representation of the microscope

4.2.2 Laser Beam Delivery System

A schematic representation of the laser beam delivery system is shown in Figure
4.4 The excitation source is a continuous wave, single-mode diode laser (iBeam
smart 640-S, TOPTICA Photonics, Germany) operating at a wavelength of 643 nm.
A bandpass filter (640/10) is placed in front of the laser to clean up the excitation
spectrum. A half wave plate (HWP) is used to align the polarization with a polariz-
ing beamsplitter (PBS), ensuring a well defined linear polarization state. The PBS
transmits only horizontally polarized light, which then enters the rotating HWP
(PRM1/MZ8, Thorlabs, USA) for polarization modulation of the excitation beam.
The mirrors M;-M, are used to align the beam and guide it toward the microscope.
Mirror M3 directs the beam perpendicular to the optical table onto My, which re-
flects it onto the dicroic mirror of the microscope. A telescopic lens system (L; and
L) is used to adjust the diameter and collimation of the beam and focus it on the
back focal plane of the objective. The blue laser (iBeam smart 488-S, TOPTICA
Photonics, Germany) was tested as an excitation source for the fluorescent micro-
spheres used for channel alignment. As illustrated in the schematic, two additional
mirrors and another telescopic lens system are used for alignment, expansion and
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collimation of the blue laser beam, which can be coupled into the main beam path
by inserting a dichroic mirror.
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Figure 4.4: Schematic representation of the beam delivery system

4.2.3 Cryostat

The cryostat consists of a liquid nitrogen tank thermally shielded by a vacuum hous-
ing. At the bottom, it features a mount where the sample holder can be magnetically
attached. The sample holder is designed for circular coverslips, which are held in
place by a perforated magnetic plate that is placed on top. The underside of the
cryostat housing is sealed with a lid, which includes an optical window at its center.
At the top of the cryostat there are three openings: a nitrogen inlet used to fill the
nitrogen tank, a nitrogen outlet and a port to connect the vacuum pump (HiCube
80 Eco, Pfeiffer Vacuum, Germany). Additionally, the cryostat is equipped with
temperature sensors. The cryostat is placed on a stage, with the optical window
right above the objective of the microscope. Screws on the stage allow the cryostat,
and consequently, the sample, to be moved forward and backward, left and right
in the plane perpendicular to the imaging axis. Figure depicts the whole setup
with the vacuum pump connected to the cryostat.
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Figure 4.5: Photograph of the experimental setup showing the cryostat and con-
nected vacuum pump.

4.2.4 Control and Data Acquisition Hardware and Software

The piezo stage is controlled by a piezo controller via a LabVIEW-based software
interface. A temperature sensor is linked to the computer and the temperature is
monitored using NI MAX. The same software is used to set the laser intensity. The
rotating HWP is driven by a brushed motor controller (KDC101, Thorlabs, USA)
and operated using the Kinesis software. Image acquisition is performed using Micro-
Manager, which controls the camera and sets imaging parameters such as exposure
time, imaging interval and number of frames. A custom built laser controller is used
to trigger laser emission according to camera-generated hardware trigger signals.
The device allows the connection of additional lasers and can be operated in four
different modes: Off, Trigger & Toggle, Trigger and On.
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4.3 Microscopy Measurements

A series of measurements was carried out to characterize, further develop and com-
pare the dipole orientation methods. The different measurement, as well as the
general measurement preparation and settings are described below.

4.3.1 Measurement Preparation and Imaging Settings

The sample was placed into the sample holder, ensuring that only a thin film of liquid
remained on the sample surface. The cryostat was positioned on the microscope
stage, connected to the vacuum system and evacuated. After a pressure below
5 x 10~*hPa was reached, the temperature sensor was connected and the cryostat
was filled with liquid nitrogen. Once the temperatures stabilized between —170 °C to
—160 °C the main valve of the vacuum system was closed and the vacuum pump was
switched off. To ensure that the vibrations of the vacuum pump do not disturb the
measurements, they were started only after the pump was completely shut down
and disconnected. The objective and sample positions were adjusted using the
manual focusing wheel and the micrometer screws on the stage until the fluorophores
appeared in focus in Channel 1. Fine focusing was performed with the piezo stage.
For focusing, the exposure time was temporarily reduced to 100ms to 200 ms in
live mode, while longer exposure times of 500ms to 1000 ms were used for image
acquisition. The camera was operated in rolling shutter mode and the imaging
interval was set shorter than the exposure time, such that the effective frame interval
was determined by the exposure time. The laser power was set to 500 mV, which

corresponds to a power density of approximately 0.9 kW cm™2.

4.3.2 Dipole Orientation Measurements

For rotating polarization measurements, continuous rotation was set at speeds of
1°s7! to 2°s7!, with the initial polarization angle set to 0°. For alternating polar-
ization, an autoclicker was used to rotate the HWP by 45° at defined intervals of
40 s to 80s, corresponding to a 90° change in polarization angle. To ensure that the
measurement started at 0° with the first autoclicker step, the HWP was initially
set to 45°. In both cases, image acquisition was started simultaneously with the
polarization modulation to ensure the polarization angle was known throughout the
measurement. Image sequences of 500-1000 frames were acquired.

4.3.3 Characterization Measurements

Characterization measurements were performed using control samples containing
only a single type of fluorescent emitter. The polarization was modulated as de-
scribed above for the dipole orientation estimation measurements.
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4.3.4 Blue Laser Excitation Test

Figure [4.6] shows the excitation and emission spectra of Alexa Fluor 647 and the
dark red FluoSpheres. Alexa Fluor 647 is not excited in the blue range, whereas
the FluoSpheres exhibit an estimated excitation efficiency of approximately 20 %,
indicating that the blue laser could weakly excite them. This suggests that the blue
laser could potentially assist in differentiating between molecules and microspheres.
To test the use of the blue laser for this purpose, the control sample containing
FluoSpheres as the only fluorescent emitter was imaged. Short videos of 100 frames
with an exposure time of 500 ms were acquired of the same sample region first using
the blue laser (0.88 kW cm™2) and then using the red laser (0.9 kW cm™2).

4.3.5 Photobleaching Test

To evaluate whether selective photobleaching of Alexa Fluor 647 dye molecules can
be used to differentiate them from the microspheres, their photobleaching behavior
was investigated. For this purpose, a control sample containing only labeled DNA
origami structures was imaged with a laser power density of 0.9kW cm~2 for 16 min.

a)

Figure 4.6: Excitation and emission spectrum of Alexa Fluor 647 a) and FluoSpheres
dark red b). The images were generated using the Thermo Fisher Fluo-
rescence SpectraViewer [46].
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4.4 Data Analysis

The data analysis was carried out in ImageJ and with a custom Python code, using
the sdt-python package [47] developed by the Biophysics Group of Professor Schiitz.
The individual steps of the analysis are described in detail below.

4.4.1 Image Processing and Localization

The first step of the data analysis was performed in ImageJ. For each channel, an
equally sized region of interest (ROI) of approximately the same sample region was
cropped from the image of the full camera chip. The localization of the emitters,
was carried out using the ThunderSTORM plugin for ImageJ [48|. For PSF fitting,
the integrated Gaussian method implemented in ThunderSTORM was applied. For
the dipole orientation estimation, the localization procedure was performed twice
for both the focused and the unfocused ROI, once with a high intensity threshold to
detect the fluorescent microspheres and once with a lower threshold to also detect
the Alexa Fluor 647 dye molecules. When performing the localization with the low
intensity threshold, drift correction was applied in ThunderSTORM to account for
potential sample drift, with the emitters serving as fiducial markers.

4.4.2 Dipole Orientation Estimation

First the localizations of all emitters from the low-intensity threshold files of the
focused channel were filtered by intensity, setting an upper limit to exclude the mi-
crospheres. The drift-corrected localizations were linked across frames. Short tracks
of less than 5 localizations were discarded. The localizations from the remaining
tracks were spatially merged across frames to obtain a list of all molecules.

Polarization Modulation

For the generation of the intensity traces, the intensity values were extracted from
the raw video of the focused channel using the brightness module of the sdt-python
package [47], which calculates the integrated intensity of each molecules and sub-
tracts the local background. To access the correct pixel positions for each frame,
the drift values calculated with ThunderSTORM were interpolated to obtain a value
for every frame and subtracted from the previously determined emitter positions.
Subsequently, traces with high maximum intensity were excluded to ensure that mi-
crospheres that were not captured by the initial filtering due to intensity fluctuations
were removed.

For measurements with alternating polarization, time delays in the onset of the
polarization modulation were corrected by detecting the start of the first peak of
an intensity trace showing a clear rectangular shape. For all traces, the first frames
prior to the onset of the polarization modulation were discarded. Subsequently,
traces with very low average intensity as well as traces from molecules that photo-
bleached during the acquisition were filtered out. The frame segments corresponding
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to 0° and 90° polarization were determined based on the interval of polarization al-
ternation and the exposure time. For each of these segments, the average intensity
was calculated. The azimuthal angle ¢ of the molecular dipoles was then determined
using Equation from the ratio of the intensity values of each pair of consecutive
steps, yielding multiple ¢ values per molecule. For each molecule the mean and
standard deviation of ¢ were calculated and used as filtering criteria.

For measurements with rotating polarization, the excitation polarization angle
corresponding to each frame was calculated based on the exposure time and rota-
tion speed. As described in Section , a cos? function was fitted to the intensity
traces. To account for background intensity contributions, the fitting function given
in Equation |3.5| was extended by a constant offset term. The fit results were filtered
based on the goodness of fit (R?) and the minimum mass value per particle (< 200).
The azimuthal angle ¢ was obtained directly as a fit parameter. For comparison, ¢
was again also determined using the ratio approach. For this purpose, frames corre-
sponding to approximately horizontal excitation polarizations (0°+5° and 180°+5°)
were selected for each trace. The azimuthal angle ¢ was then calculated according
to Equation |3.4] using the intensity of each selected frame together with the intensity
of the frame corresponding to a 90° shifted polarization. This procedure yields one
@ value per frame pair. These values were averaged to obtain a single azimuthal
angle for each molecule.

Biplane Imaging

For the biplane imaging analysis, the drift-corrected localizations from ImageJ were
assigned to the molecule identifiers defined in the preceding analysis. The assign-
ment was done using the previously filtered list of molecules and was based on spatial
colocalization within each frame. The localization from the high intensity threshold
file were linked into trajectories using TrackPy [49]. Only trajectories containing
localization in at least 80 % of the frames were retained as microsphere localiza-
tions. Channel alignment was performed using the microsphere localizations and
the multicolor module of the sdt-phython package [47], which applies a global affine
transformation to align the focused and the unfocused channel. For the computation
of the transformation matrix, the number of neighboring emitters considered, the
tolerance for ambiguous matches and the maximum acceptable residual alignment
error were defined. In cases were the microspheres did not uniformly cover the en-
tire field of view, the subsequent analysis was restricted to regions with sufficient
microsphere density.

Subsequently, the colocalizations of the molecules in the focused and unfocused
channel were identified using the multicolor module. For the unfocused channel, the
transformed and corrected data was used. From the pairs of  and y coordinates of
the two channels, the shifts in z- and y- directions were calculated and the absolute
shift was determined according to Equation [3.7 The azimuthal angle ¢ was then
computed as shown in Equation [3.8 For each molecule, multiple ¢ values are
calculated, corresponding to all frames in which the molecule was localized in both
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channels. Before computing the mean, values obtained from low intensity signals
were filtered out. To correctly account for the wrap-around at 0°/360°, a circular
mean was used. Additional filtering was applied based on the standard deviation of
the resulting ¢.

Finally, the azimuthal angles obtained using the different methods were compared
and visualized.

4.4.3 Estimation of Background Intensity Fluctuations

To estimate the influence of intensity fluctuations of the incident light, the mean
gray value per frame was calculated in ImageJ for several measurements and plotted
over all frames. Additionally, to allow for a comparison of these fluctuations against
the polarization-dependent intensity variations of individual molecules, for several
molecules the gray value in the immediate vicinity of the molecule was plotted over
all frames. For both the mean gray value and the gray value variations around
individual molecules, the normalized contrast was calculated as

Imaa: - [mzn
Clropm = —2az“mm (4.1)

Imean
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5 Results

The following sections present the results of this thesis. First, the results of the
measurements performed for the characterization and optimization of the experi-
mental implementation are shown. Subsequently, the results of the two methods for
determining dipole orientation are compared.

5.1 System Characterization

5.1.1 Microsphere Type, Volume and Concentration

Figure [5.1] compares the visibility of molecules in a sample containing only labeled
DNA origami structures and in a sample containing both labeled DNA origami
structures and 0.1 ym microspheres. In both cases, individual molecular emitters can
be seen in the raw images. However, in the presence of microspheres the molecules
are considerably less clearly visible due to the much brighter fluorescence signals of
the microspheres. Nevertheless, ThunderSTORM was able to detect and localize
molecular emitters in both samples as shown in panels ¢) and d).

Table summarizes the tested volumes and concentrations for the 0.02 ym Flu-
oSpheres together with a qualitative assessment of their suitability. The observed
emitter densities were not homogeneous across the sample but varied depending
on the position. Using small sample volumes (5uL, 2.5uL), a dilution of at least
1:10000 was necessary to achieve suitable densities in parts of the sample. Figure
shows two different regions of the same sample containing 10 uL of 0.02 ym Flu-
oSpheres at a dilution of 1:30000. In the equally sized ROIs 193 (a) and 448 (b)
emitters were identified, illustrating the spatial variation in density across the sam-
ple. Aggregation, as particularly evident in the image on the right, was observed
for all concentrations and samples. Additionally, significant variations in emitter
brightness were observed.
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Figure 5.1: Comparison of molecule visibility in a sample containing only labeled
DNA origami structures (a,c) and in a sample containing both labeled
DNA origami structures and TetraSpeck 0.1um Microspheres (b,d).
(a,b) Raw images. (c,d) Corresponding images with ThunderSTORM

localizations marked in red.

Table 5.1: Overview of microsphere concentrations, sample volumes and qualitative
assessment of the microsphere density.

Suitable density

Concentration Volume [uL]
1:100 10
1:1000 10
1:10000 10
1:10000 )
1:10000 2.5
1:30000 10

too dense

too dense

too dense
partially suitable
partially suitable
partially suitable
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Figure 5.2: Two different regions of the same sample containing 10uL of 0.02ym
FluoSpheres at a dilution of 1:30000

5.1.2 Microsphere Idenfitication Methods

To identify a suitable method for distinguishing the microspheres from the molecules,
different properties and localization parameters obtained from the chracterization
measurements were compared for the different emitter types. In addition the polar-
ization dependent behavior, photobleaching characteristics and response to the blue
laser excitation were assessed.

Comparison of Properties and Localization Parameters

To evaluate the suitability of intensity-based filtering for mircosphere identification,
the mass values of the particles, corresponding to the sum of their pixel intensities,
were compared. Figure [5.3]shows the corresponding density histograms of the mass
distributions, combining data from two independent measurements for each emitter
type. While the mass values of Alexa Fluor 647 and the 0.02um FluoSpheres show
a large overlap, the 0.1 um FluoSpheres exhibit higher mass values than the Alexa
Fluor 647 dye molecules. Thus, intensity-based discrimination is feasible for the
0.1um Microsperes, whereas it is not reliable for the 0.02 um FluoSpheres.
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Figure 5.3: Density histograms of mass values, comparing Alexa Fluor 647, 0.02 ym
FluoSpheres and 0.1 um MicroSpheres

As for the mass values, the distributions of the localization parameters size, x?2,
and uncertainty were analyzed for two measurements of the Alexa Fluor 647 and
0.02um FluoSphere control samples. The corresponding density histograms are
shown in Figure [5.4] Although the 0.02um FluoSpheres tend to have larger sizes,
possibly due to aggregation, a significant overlap in the size distribution is observed.
Based on both the x? values and the uncertainty, no distinction can be made between
Alexa Fluor 647 and the FluoSpheres.

a) b) c)

10
Alexa Fluor 647 0.016 Alexa Fluor 647 Alexa Fluor 647
0.02 pm FluoSpheres 0.02 pm FluoSpheres 0.02 pm FluoSpheres
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Figure 5.4: Density histograms of the localization parameters size a), x? b), and
uncertainty c), comparing Alexa Fluor 647 and 0.02um FluoSpheres.

Evaluation of Photophysical Behavior

To assess how the intensity traces can be used to identify the microspheres, their
polarization-dependent behavior was investigated. For this purpose, the intensity
traces obtained from the characterization measurements with the 0.02um Fluo-
Spheres as the only fluorescent emitters were analyzed. Four representative traces
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- two acquired under continously rotating excitation polarization and two under
alternating excitation polarization - are shown in Figures 5.5 and [5.6] A clear
polarization-dependent behavior, similar to that of the molecules, is observed. The
fact that the intensity maxima occur at different polarization angles indicates that
the observed variation is not caused by fluctuations in the overall intensity. In-
stead, this behavior suggests that only a low number of active emitters is present
within each FluoSphere, which may arise from partial photobleaching or degra-
dation. While generally larger offsets are observed for the FluoSpheres, a clear
distinction based on the shape of the intensity traces alone is not possible.
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Figure 5.5: Two examples of an intensity trace of a 0.02um FluoSphere with contin-
uously rotating excitation polarization
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Figure 5.6: Two examples of an intensity trace of a 0.02um FluoSphere with polar-
ization alternating between 0° and 90°

The results of the photobleaching test are shown in Figure The number of
localizations per frame are plotted against the frame number as a measure of photo-
bleaching over time. A gradual decrease in the number of localizations is observed,
indicating photobleaching. However, the fluorophores show high photostablity with
more than 50 % of the initial localizations remaining after 16 min, which limits the
practical applicability of selective bleaching.
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Figure 5.7: Localizations per frame illustrating photobleaching over time

Evaluation of Blue Laser Excitation

Figure[5.8/shows the same sample region of a sample containing 0.02 um FluoSpheres
as the only fluorescent emitter, imaged with the red laser (a) and the blue laser (b).
Localizations detected with ThunderSTORM are marked in red. While some bright
aggregates are also visible in the blue channel, it can be seen that the FluoSpheres
excited with the blue laser generally do not produce a sufficiently strong signal for
reliable detection.

b)

Figure 5.8: 0.02 pm microspheres imaged with a) the red laser b) the blue laser.
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5.1.3 Background Intensity Fluctuations

In Figure 5.9, the mean gray value per frame is plotted as a function of the po-
larization of the incident light, revealing a clear polarization-dependent behavior.
Panel b) shows the intensity variations of an individual molecule under rotating po-
larization. The normalized contrast for the background and several single-molecule
signals is summarized in Table The background exhibits fluctuations of approxi-
mately 3.5%), while the single-molecule signals vary by around 30%. The background
fluctuation thus corresponds to roughly 12% of the single-molecule signal variation.

a) b)

~
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Mean gray value
~
5]
¥
Gray value

™~
5]
=3

~
3
e
=3
=3

0 100 200 300 400 500 o 100 200 300 400 500
Polarization angle Polarization angle

Figure 5.9: a) Mean gray value over all frames, as a measure of fluctuations in the
incident light intensity under varying polarization. b) Gray value vari-
ations of an individual molecule, reflecting its signal intensity changes
under varying excitation polarization.

Table 5.2: Normalized contrast values for the background and individual single-
molecule signals under varying excitation polarization.
Measurement, 1 Measurement 2
Background 0.033 0.036
Single molecules | 0.36 0.27 0.24 | 0.37 0.35 0.21

5.1.4 Channel Alignment Sensitivity

To assess the robustness of the alignment, alignment-relevant parameters were var-
ied during the analysis of selected experiments and their influence on the calculated
shifts and azimuthal angles was compared. The parameters varied included the
choice of ROI in ImageJ and the allowed error used for calculating the transforma-
tion matrix. The results are presented for two measurements in which the 0.1um
microspheres were used.

Figure [5.10] shows the comparison of the overlay of the microsphere localizations
from the focused and the unfocused channel, using two differently sized ROIs for
the analysis of the same measurement. The marked localizations are used to cal-
culate the transformation matrix for channel alignment. In the large ROI (a), a
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few additional localizations are included on the left, while some localizations in the
bottom right are missing. The shifts and azimuthal angles obtained for the same
four molecules using the different ROIs are compared in Figure[5.11]and Figure[5.12]
While the choice of ROI has little effect on the shifts and the resulting azimuthal
angles for some molecules, it leads to substantial changes in the obtained azimuthal
angles for others.

Similar to the choice of ROI, the selection of the maximum error threshold for
calculating the transformation matrix, influences which microsphere localizations are
included in the calculation. For a different measurement than the one shown above,
Figure [5.13| presents the comparison of the overlay of the microsphere localizations
obtained using different maximum error thresholds. Figure and Figure [5.15
again show the corresponding shifts and azimuthal angles. As before, the effect is
small for some molecules, while for other molecules, different choices of the maximum
error lead to noticeable variations in the shift and the azimuthal angle calculated
with the biplane approach. It should be noted that angles of 0 and 27 are equivalent.
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Figure 5.10: Overlay of the microsphere localizations for a large ROI a) and a small
ROI b) of the same measurement. The histograms illustrate the dis-
tribution of alignment errors, with a maximum error threshold of 0.25
applied in both cases.
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Figure 5.11:

Shifts obtained from the individual localizations of the same four
molecules, with each color corresponding to one molecule, for the large

ROTI a) and the small ROI b).
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Azimuthal angles obtained with the biplane and the rotating polariza-
tion (cos?-fit) approach for four molecules with the analysis performed
for a large ROI a) and a small ROI b). The lines indicate agreement
between the biplane and the rotating polarization approach. The 4m-
lines reflect that the rotating polarization method cannot distinguish
angles separated by 180°. The colorbar indicates the magnitude of the
average shift for each particle.
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38




Azimuthal angle (rotating polarization)
Azimuthal angle (rotating polarization)

0.8

14 14
(] 0 0.6
o 1 2 3 4 5 6 o 1 2 3 4 5 &6
Azimuthal angle (biplane) Azimuthal angle (biplane)

Figure 5.15: Azimuthal angles obtained with the biplane and the rotating polar-
ization (cos?-fit) approach for five molecules with a maximum error
threshold of 0.5 a) and 0.1 b) applied in the calculation of the transfor-
mation matrix. The lines indicate agreement between the biplane and
the rotating polarization approach. The +n-lines reflect that the rotat-
ing polarization method cannot distinguish angles separated by 180°.
The colorbar indicates the magnitude of the average shift for each par-
ticle.

5.2 Dipole Orientation Estimation

This chapter presents the results of the comparative measurements of the azimuthal
angle obtained using polarization modulation and biplane imaging.

First, the results of the biplane imaging approach are compared to those of the
alternating polarization method for measurements using the 0.1 ym Microspheres
for channel alignment. Figure shows the results for a single molecule. The top
panel displays the intensity trace, where the polarization of the incident light was
alternated between 0° and 90° every 80 frames. A clear dependence of the emission
intensity on the excitation polarization can be observed. From the intensity ratio,
an azimuthal angle of 59° was calculated.
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Figure 5.16: Comparison of the biplane imaging and alternating polarization results
for an individual molecule, showing the intensity trace, the shift dis-
tribution and the corresponding azimuthal angles calculated for the
individual frames.

In the bottom left panel, the shifts for individual frames calculated using the
biplane method are shown for the same molecule. Despite large scatter, the majority
of shifts are concentrated in the second quadrant. This observation is consistent with
the calculated mean angle of 142°. The bottom right panel shows the corresponding
angles computed for the individual frames. It is evident that the molecule could
only be localized in frames with high emission intensity. Furthermore, as already
indicated by the large spread in the shifts, a large variability in the calculated angle
across different frames is observed. Since the ratio method only yields angles between
0° and 90°, the symmetry-corrected angular deviation between the methods is 21°.

Figure [5.17] compares the azimuthal angles obtained from the two methods across
multiple measurements, with different measurements indicated by different colors.
Data points lying on one of the lines indicate good agreement between the methods.
The deviations of the azimuthal angles, accounting for the restriction of the ratio
approach to angles between 0° and 90°, are shown in Figure5.18, The mean deviation
is 23°, compared with an expected value of 30° for uncorrelated data.
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Figure 5.17: Comparison of the azimuthal angles obtained from the alternating po-
larization (intensity ratio) and the biplane imaging approach for multi-
ple measurements using the 0.1 ym Microspheres for channel alignment.
The error bars indicate the standard error of the mean (SEM).
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Figure 5.18: Histogram of the deviations between the azimuthal angles obtain using
the alternating polarization and the biplane imaging approach.
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For the comparison of the rotating polarization method with the biplane imaging
approach, measurements were performed using either 0.1 um Microspheres or 0.02 ym
FluoSpheres for channel alignment. In the following figures, panel a) corresponds to
measurements performed with the 0.1 ym Microspheres, while panel b) corresponds
to measurements performed with the 0.02um FluoSpheres.

As before, Figure presents the results for individual molecules. Again, the
intensity traces shown in the top panels exhibit a clear dependence on the polar-
ization of the incident light, which was rotated at a constant speed. Below, the
distributions of the lateral shifts and the corresponding azimuthal angles obtained
for the individual frames are shown. For the measurement with the 0.1 ym Mi-
crospheres, an angle of 97° was obtained from the cos?-fit and an average angle of
103° was calculated from the biplane shifts, corresponding to a deviation of 6°. For
the measurement using the 0.02um FluoSpheres, angles of 247° (biplane) and 274°
(cos®-fit) were obtained for the example molecule, corresponding to a deviation of
27°.

In addition to the cos?-fit, the azimuthal angle for the rotating polarization mea-
surements was also determined from the intensity ratios. Figure [5.20| compares the
results of these two methods, showing good agreement. Again, the colors indicate
different measurements.
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Figure 5.19: Comparison of the biplane imaging and rotating polarization results
for two individual molecules, showing the intensity traces, the shift
distributions and the corresponding azimuthal angles calculated for the
individual frames. The measurements were performed using 0.1um
Microspheres a) and 0.02 um FluoSpheres b).
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Figure 5.20: Comparison of the azimuthal angles obtained using from the cos?-fit

Figure presents the comparison of the azimuthal angles obtained from the
cos?-fit method and the biplane method across multiple measurements. The corre-
sponding deviations are summarized in Figure [5.22]
an average deviation of 43° is obtained, while for the 0.02um FluoSpheres an aver-
age deviation of 35° is found. For uncorrelated data an average deviation of 45° is

and intensity ratio for multiple rotating polarization measurements.

The measurements were performed using 0.1 um Microspheres a) and
0.02pm FluoSpheres b). The error bars indicate the SEM.

expected.

43

For the 0.1 um Microspheres,



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

]
lio
nowledge

b

°
1
r

m You

350 1 350 1

300 A 300
250 A 250 4
200 4 200 4
150 - 150 4

100 A 100 4

Azimuthal angle (rotation fit) [deg]
Azimuthal angle (rotation fit) [deg]

50 A 50

01 0 e *
T T T T T T T T T T T T T T T T
o 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Azimuthal angle (biplane) [deg] Azimuthal angle (biplane) [deg]

Figure 5.21: Comparison of the azimuthal angles obtained from the cos?-fit and the
biplane imaging approach for multiple measurements. The measure-
ments were performed using 0.1 um Microspheres a) and 0.02 ym Fluo-
Spheres b). The error bars indicate the SEM.
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Figure 5.22: Histogram of the deviations between the azimuthal angles obtain using
the cos?-fit and the biplane imaging approach. The measurements were
performed using 0.1 um Microspheres a) and 0.02 um FluoSpheres b).
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6 Discussion

6.1 Choice of Microspheres and Identification
Method

For the selection of microspheres, a trade-off between molecule visibility and the
ability to reliably distinguish microspheres from molecules had to be considered.
The use of 0.1 um Microspheres resulted in a low signal-to-noise ratio for the molec-
ular signals and the associated poor visibility of the molecules during live acquisition
complicated the measurement process, making it difficult to focus on the molecules.
At the same time, their high intensity contrast allowed straightforward filtering
based on intensity. The use of 0.2 um FluoSpheres improved molecule visibility, but
was associated with aggregation, varying emitter brightness and simple intensity-
based filtering proved insufficient as a method to reliably discriminate them from
the molecules. Since the microsphere density at the concentrations used was still
relatively high, it would be advisable to reduce the concentration further, which
could also help mitigate aggregation. Numerous tests were carried out to identify
an alternative approach for distinguishing the microspheres, but none proved suc-
cessful as an independent method. All evaluated localization parameters showed
significant overlap in their distributions and selective bleaching of the molecules
within a suitable time frame could not be achieved. The blue excitation laser was
also found to be unsuitable, as it did not excite the FluoSpheres efficiently enough,
to produce a signal sufficient for reliable localization. The possibility of using mi-
crospheres with an excitation peak in the blue spectral region was considered. How-
ever, this approach was not pursued further, as using blue-channel coordinates for
alignment could introduce errors due to chromatic aberrations and slight misalign-
ment between the lasers. Furthermore, contrary to expectations, the FluoSpheres
exhibited pronounced polarization-dependent intensity variations. Despite gener-
ally larger offsets, their behavior closely resembles that of the molecules, making
it difficult to accurately distinguish between them. Additionally, the polarization
dependence raises concerns regarding their suitability for channel alignment, as it
suggests dipole-like emission characteristics, which is associated with position shifts
between the focused and the unfocused channel.

Since both microsphere types have specific advantages and limitations and no
suitable alternative was available, experiments were carried out for both the 0.1 ym
Microspheres and the 0.02um FluoSpheres. To ensure that for the 0.02um Flu-
oSpheres only markers exhibiting minimal polarization dependent behavior were
used for channel alignment and conversely that only particles showing pronounced
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polarization dependent behavior were included for dipole orientation estimation, ad-
ditional filtering criteria were applied. Only microspheres that are present in at least
80 % of the frames were selected for channel alignment. Molecules were identified
based on the quality of the cos® fit and the offset of the intensity traces. Small
offsets were still included, as they helped achieve better fits for the molecules. Since
these filtering criteria are only available with the rotating polarization, only this ap-
proach was considered suitable for the smaller microspheres, whereas both rotating
and alternating polarization could be applied for the larger microspheres.

The corresponding results are presented in Section [5.2] and are discussed in detail
in the following.

6.2 Evaluation of Systematic Uncertainties

One of the main challenges in evaluating the methods for dipole orientation estima-
tion is the absence of a ground truth, as the orientation in which the dipole becomes
immobilized upon freezing cannot be controlled. Both the method under evaluation
and the reference method are subject to uncertainties, which makes it difficult to
attribute observed deviation to a specific source. While additional factor may also
contribute, for each method a specific source of uncertainty could be identified.

While the numerical values provided for the background fluctuation should be
interpreted only as coarse estimates, the results clearly demonstrate a polarization
dependence of the intensity of the incident light. Although the fluctuations are small
compared to the signal of the molecular emitters, they are expected to introduce
a noticeable bias in intensity-based methods, such as polarization modulation. For
molecules with azimuthal angles around 0° the fluctuations lead to a reduction in
the signal amplitude, while for molecules with azimuthal angles around 90° the
amplitude is increased. This effect is particularly critical when the azimuthal angle
is calculated from the intensity ratio. However, deviations might also occur for the
cos?-fit method, since the fluctuations might distort the intensity trace for dipoles
that are neither in phase nor phase-shifted by 90° with respect to the background
fluctuation. Many optical elements do not transmit all polarizations equally. The
issue could thus be addressed by identifying and replacing components that exhibit
particularly strong polarization dependent transmission. As a fully polarization-
independent setup is difficult to realize in practice, an alternative or complementary
strategy would be to implement a correction during the analysis. However, this was
beyond the scope of this work.

For the biplane imaging approach, accurate channel alignment is a crucial step.
The observed variations in the computed azimuthal angles under changes of the
ROI and the error threshold for calculating the transformation matrix indicates
that the transformation matrix does not describe the entire ROI uniformly well.
This can be attributed to the spatial distribution of the microspheres, which causes
the transformation to be better constrained in some regions of the ROI than in
others. Therefore, a homogeneous distribution of microspheres across the entire
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ROI is essential to achieve a robust registration. In addition, optical aberration
may contribute by introducing spatially varying, non-linear distortions, such that the
affine transformation is not sufficient to describe the mapping between the channels.
Furthermore, the registration algorithm might not consistently identify the correct
molecules pairs between the focused and unfocused channel. This may also explain
the observed variations depending on the chosen maximum error threshold, since the
registration algorithm may identify more or fewer correct molecule pairs depending
on this setting. Finally, the sensitivity of the azimuthal angle estimates to small
variations in the transformation matrix also depends on the magnitude of the lateral
shift. Molecules with small inclination angles are thus particularly susceptible to
minor changes in the alignment.

To better understand the factors influencing the alignment, it is of interest to in-
vestigate whether the molecules exhibiting large variations in azimuthal angle under
the described changes in the analysis show a spatial dependence, either with respect
to their absolute position within the ROI or their position relative to the micro-
spheres. No such correlation was observed across multiple measurement. However,
the limited number of molecules per measurement, the uncontrolled distribution of
microspheres and the potential interplay of multiple effects complicate the identifi-
cation of a possible correlation. The implementation of a validation strategy would
facilitate the evaluation of the alignment performance and the optimization of the
transformation parameters. For example, excluding a subset of microspheres from
the calculation of the transformation matrix and using them as an independent val-
idation set could provide an evaluation of the registration accuracy across the ROI.
In addition, exploring alternative transformations may further improve the accuracy
of the channel alignment.

6.3 Dipole Orientation Estimation

For two of the presented measurement series, the observed deviations between the
polarization modulation and the biplane approach are smaller than expected for
randomly distributed angles, indicating a weak agreement between the two methods.
However, given the limited statistics, this observation remains inconclusive. The
results of the third measurement series do not show any meaningful agreement.
Despite the absence of consistent quantitative agreement between the two methods,
both approaches yield plausible results, with the calculated angles spanning the
full accessible range. For the polarization modulation measurements, the intensity
traces follow the expected polarization dependent behavior, such as step-like signals
for alternating polarization and cos?-shaped modulations for rotating polarization.
The agreement between the cos-fit and intensity ratio approaches validates the
implementation of the analysis for these methods. For the biplane method, the
measured shifts of different molecules are, as expected, evenly distributed around the
coordinate origin and no correlation between the shifts and the molecular position
within the ROI could be identified. Overall, the results are consistent with both
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methods being sensitive to the dipole orientation. However, due to the lack of
agreement between the methods, the feasibility of the biplane imaging approach for
dipole orientation estimation could not be confirmed in the course of this thesis.

A number of uncertainties potentially underlying the deviations between the two
methods have already been discussed. These include fluctuations in the intensity of
the incident light as well as limitations in the channel alignment accuracy. As the
latter depends on the distribution of the microspheres, care was taken to ensure a
sufficiently high, homogeneous microsphere density. However, a higher microsphere
density reduces the visibility of the molecules, leading to a trade-off with the local-
ization precision, which is constrained by the signal-to-noise ratio. That localization
precision represents a limitation is reflected in the large spread of shift values ob-
served for individual molecules across different frames. An additional factor affecting
the accuracy of the channel alignment could be the polarization-dependent behav-
ior of the microspheres. Although particles exhibiting pronounced polarization-
dependent signals were excluded, polarization-dependent intensity fluctuations were
still observed for many microspheres. This may suggest that the assumption of
isotropic emission is not fully satisfied, which could lead to localization bias in the
defocused channel. With respect to the excitation light, not only intensity fluctua-
tions but also deviations from ideal linear polarization may contribute to systematic
errors. This effect could potentially explain the offsets in the cos®-modulation ob-
served for some molecules. Another aspect that could explain why better agreement
is observed for some molecules than for others, is the dependence of the fluorescence
intensity on the inclination angle. For large values of # the intensity is small, which
can lead to increased localization uncertainty. On the other hand, the measured
shifts are inherently small for molecules with small inclination angles, leading to
increased uncertainty in the determined azimuthal angle.
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7 Conclusion and Outlook

In the course of this thesis, biplane imaging and polarization modulation were im-
plemented as two independent methods for estimating the orientation of molecular
dipoles in cryo-SMLM.

Two methods for the calculation of the azimuthal angle from polarization mod-
ulation measurements (intensity ratio and cos?-fit), two types of markers for chan-
nel alignment (TetraSpeck™ fluorescent Microspheres 0.1pm and Invitrogen™
FluoSpheres™ dark red 0.02 um) as well as several different methods for their differ-
entiation from the single dye molecules were investigated. While the use of larger mi-
crospheres was associated with limited molecule visibility, the smaller microspheres
were difficult to distinguish from the molecules. Measurements on fluorescently la-
beled DNA origami samples enabled the comparison of azimuthal angle estimates
obtained from the biplane imaging and the polarization modulation approach. No
clear quantitative agreement between the methods could be achieved. Therefore, a
successful implementation of the biplane imaging method could not be demonstrated
in this thesis. Nevertheless, several challenges, such as intensity fluctuations of the
excitation light, inconsistencies in the channel alignment and limitations in the lo-
calization precision, could be identified. These insights provide a valuable basis for
further development.

Future works should focus on ensuring a stable, purely linearly polarized excita-
tion light as well as accounting for remaining intensity fluctuations in the analysis.
In addition, the channel alignment procedure requires further optimization. This
includes implementing a validation scheme, refining the registration algorithm and
exploring alternative transformations that better correct for non-linear distortions
between the channels. Furthermore, improving the signal-to-noise ratio would be
crucial for achieving a higher localization precision. As both types of microspheres
used for channel alignment are associated with certain limitations, the investiga-
tion of alternative markers as well as alternative alignment strategies should also be
considered.
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Tools and Software Used

Data analysis and visualization were carried out using ImageJ with the Thunder-
STORM plugin and Python 49]. Figures were created using the LaTeX
package pst-optexp, the PSF Simulation App (MATLAB) [37] and the Thermo
Fisher SpectraViewer . Al-assisted tools such as ChatGPT, DeepL and the Al

assistant integrated in Overleaf were used for language refinement and translation.
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